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CARPEL FACTORY, a Dicer Homolog, and HEN1,
a Novel Protein, Act in microRNA Metabolism
in Arabidopsis thaliana
induced silencing complex (RISC), which targets homol-
ogous RNAs for degradation ([6, 7], reviewed in [2, 8]).
One component of the RISC in Drosophila melanogaster
is AGO-2, a member of the PPD family of proteins con-
taining PAZ and PIWI domains [9]. PPD proteins are
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Piscataway, New Jersey 08854 present in metazoans, plants, and fungi, and some have
been shown genetically to act in gene silencing in
Caenorhabditis elegans, Arabidopsis thaliana, and Neu-
rospora crassa [10–12]. Dicer also contains a PAZ do-Summary
main, which is postulated to mediate interaction be-
tween Dicer and AGO-2 in the RISC [9].Background: In metazoans, microRNAs, or miRNAs,
constitute a growing family of small regulatory RNAs Small single-stranded RNAs of 19–24 nt in length
serve as regulators of gene expression during develop-that are usually 19–25 nucleotides in length. They are
processed from longer precursor RNAs that fold into ment in invertebrates and vertebrates. Two small tempo-
ral RNAs (stRNAs), lin-4 and let-7, regulate develop-stem-loop structures by the ribonuclease Dicer and are
thought to regulate gene expression by base pairing with mental timing in C. elegans by inhibiting the translation
of target mRNAs through base pairing with the 3 un-RNAs of protein-coding genes. In Arabidopsis thaliana,
mutations in CARPEL FACTORY (CAF), a Dicer homolog, translated regions (UTRs) of these RNAs [13–16]. The
stRNAs appear to be members of a growing class ofand those in a novel gene, HEN1, result in similar, multi-
faceted developmental defects, suggesting a similar microRNAs (miRNAs) identified from C. elegans, Dro-
sophila, mouse, and human cells [17–20]. miRNAs arefunction of the two genes, possibly in miRNA metab-
olism. associated with an 550 kDa ribonucleoprotein com-
plex (miRNP), which also contains a PPD protein, eIF2C2Results: To investigate the potential functions of CAF
and HEN1 in miRNA metabolism, we aimed to isolate [21]. miRNAs are processed from longer single-stranded
precursor RNAs that presumably form stem-loop struc-miRNAs from Arabidopsis and examine their accumula-
tion during plant development in wild-type plants and tures, in which the mature miRNAs reside in the stems.
The generation of miRNAs requires Dicer and two mem-in hen1-1 and caf-1 mutant plants. We have isolated
11 miRNAs, some of which have potential homologs in bers of the PPD family, ALG-1 and ALG-2, in C. elegans
[22–24], and this suggests that aspects of siRNA andtobacco, rice, and maize. The putative precursors of
these miRNAs have the capacity to form stable stem- miRNA metabolism are similar. The presence of siRNAs
and core PTGS machinery in plants [1, 12, 25] and theloop structures. The accumulation of these miRNAs ap-
pears to be spatially or temporally controlled in plant link between miRNA and siRNA metabolism in metazo-
ans (reviewed in [26]) implicate the existence of miRNAsdevelopment, and their abundance is greatly reduced
in caf-1 and hen1-1 mutants. HEN1 homologs are found in plants.
CARPEL FACTORY (CAF), the Arabidopsis homologin bacterial, fungal, and metazoan genomes.
Conclusions: miRNAs are present in both plant and of Dicer, functions in a variety of developmental path-
ways in Arabidopsis. This is reflected by the fact thatanimal kingdoms. An evolutionarily conserved mecha-
nism involving a protein, known as Dicer in animals and many mutant alleles were isolated in several indepen-
dent studies and were given different names to describeCAF in Arabidopsis, operates in miRNA metabolism.
HEN1 is a new player in miRNA accumulation in Arabi- the phenotypes of the mutants, such as sus1 (abnormal
suspensor1; [27, 28]), sin1 (short integument1; [29]), anddopsis, and HEN1 homologs in metazoans may have a
similar function. The developmental defects associated caf [30]. Several sus1 alleles are defective in em-
bryogenesis such that sus1 embryos do not progresswith caf-1 and hen1-1 mutations and the patterns of
miRNA accumulation suggest that miRNAs play funda- beyond the globular stage [27]. While the sus1 alleles
demonstrate the requirement for CAF in embryogenesis,mental roles in plant development.
weak sin1/caf alleles show that CAF also acts in a variety
of developmental events in the adult plant. The sin1Introduction
mutant is defective in ovule development and is female
sterile [29, 31]. In addition, the sin1 mutant exhibits al-Small double-stranded RNAs of 21–25 nucleotides (nt)
tered leaf shape, delayed bolting, and delayed floralin length serve as guide RNAs in related gene silencing
transition [31]. The caf-1 mutant exhibits defects in floralphenomena, RNA interference (RNAi) in animals, post-
meristem determinacy during flower development [30].transcriptional gene silencing (PTGS) in plants, and
However, a role of CAF in PTGS has not been demon-quelling in fungi ([1], reviewed in [2, 3]). These small
strated yet.interfering RNAs (siRNAs) are generated from long dou-
HEN1 was identified in our previous studies as a geneble-stranded RNAs by the ribonuclease III enzyme Dicer
that plays a role in the specification of stamen and carpel[4, 5] and are then incorporated into a multiprotein, RNA-
identities during flower development [32]. Recessive
mutations in HEN1, hen1-1 and hen1-2, cause stamen-1Correspondence: xuemei@waksman.rutgers.edu
2 These authors contributed equally to this work. to-petal and carpel-to-sepal transformation in the hua1-1
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Figure 1. miRNA Precursors and Complementarity of miRNAs to mRNAs
(A) Stem-loop structures of putative miRNA precursors. Genomic sequences (62–102 nt) containing the miRNAs were used for RNA secondary
structure prediction with the m-fold program (see the Experimental Procedures). The structures shown are the outputs from m-fold without
manual modification. The miRNA sequences are underlined. Two miRNA sequences in the same precursors are differentiated by colors (one
in black and the other in gray). A hyphen indicates the absence of nucleotides. For MIR167, MIR172, MIR175, MIR176, MIR177, and MIR179,
identical miRNA sequences were found at multiple genomic loci (as indicated by numbers after dashes; MIR167a-2 not shown). For MIR167,
MIR172, MIR175, and MIR179, the putative precursors of the different identical miRNA copies were related but were not identical in sequence,
but they were able to form stem-loop structures. For MIR176 and MIR177, which were found in the same precursor, the precursor sequences
of the identical miRNA copies at different genomic loci were identical with one exception (MIR176-4 and MIR177-4).
(B) Complementarity of selected miRNAs to their putative target mRNAs.
hua2-1 background, which is weakly compromised in exhibit a wide array of developmental defects, including
reduced leaf size, altered leaf shape, reduced plantstamen and carpel identities [32, 33]. Although the floral
homeotic phenotypes are only present in the hua1-1 height, reduced carpel fusion, and reduced female fertil-
ity [32]. Intriguingly, many aspects of the mutant pheno-hua2-1 hen1 triple mutants, the hen1 single mutants
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types exhibited by the stronger hen1-1 allele are almost ure 1A). However, there appeared to be more and maybe
larger loops in the stems of the plant precursors, andidentical to those in the sin1/caf-1 mutants, and this
leads us to hypothesize that HEN1, like CAF, acts in this finding suggests that the requirement for double
strandedness in the precursors is more relaxed in plants.miRNA metabolism in Arabidopsis. Here, we report the
isolation of 11 miRNAs from Arabidopsis and show that Like metazoan miRNAs, the Arabidopsis miRNAs were
found primarily in the double-stranded regions of theHEN1 and CAF are both required for miRNA accumu-
lation. structures. The structure of MIR179 was unusual in that
the miRNA was predicted to be located nearly symmetri-
cally around the loop (Figure 1A). The MIR176 and
Results MIR177 miRNAs were potentially derived from the same
precursor (Figure 1A).
Isolation of miRNAs from Arabidopsis
To begin to test our hypothesis that HEN1 plays a role
Genome Organization of MIR Genesin miRNA metabolism, we aimed to clone small RNAs,
The MIR173, MIR174, and MIR178 miRNAs were each18–28 nt in size, from Arabidopsis using a protocol pre-
encoded by a single copy gene (Table 1). The otherviously employed to isolate siRNAs and later used to
eight miRNAs, however, had multiple identical or relatedisolate miRNAs from animals ([17, 34]; see the Experi-
sequences scattered in the genome. We analyzed allmental Procedures). We obtained 230 unique, putative
the identical sequences and the related sequences thatsmall RNA sequences, which were subjected to BLAST
differed from the mature miRNAs by no more than four[35] analyses against the Arabidopsis genome (http://
nucleotides to determine whether the putative precur-www.Arabidopsis.org/Blast/). A total of 176 sequences
sors could form stem-loop structures. Indeed, all eightcorresponded to known noncoding RNAs, such as
miRNAs had either identical copies or closely relatedrRNAs, tRNAs, and snRNAs, and were not further ana-
homologs in the genome, the putative precursors oflyzed. A total of 15 had 2-nt or more mismatches with
which were able to form stable stem-loop structuresthe Arabidopsis genome and were not further analyzed.
(Figure 1A, Table 1; data not shown). Since the nucleo-Five were found to be in exons or introns of protein-
tide differences were unlikely to generate new base-coding genes. The remaining 34 sequences were in in-
pairing specificities with target genes, we gave thetergenic regions. The 39 sequences from the last two
homologous sequences the same gene names and dis-categories were compared with the Arabidopsis ge-
tinguished them from the original MIR genes by lettersnome to identify the genomic sequences surrounding
(b, c, etc.). Genes corresponding to the identical copiesthe putative miRNAs. Using the m-fold program, longer
were distinguished from the original MIR genes by num-genomic sequences (60–110 nt) containing the small
bers after dashes, such as MIR176-2, MIR176-3, etc.RNAs were used to predict secondary structures ([36];
Identical or related copies of MIR genes were not foundsee Experimental Procedures). A total of 29 were capa-
in tandem repeats (Table 1). The precursors of identicalble of forming stem-loop structures (Figure 1A and data
copies of miRNAs were either identical (as for MIR176)not shown), 23 of which were tested by expression stud-
or related (as for MIR172 and MIR175) in sequence (Fig-ies. We were able to detect small transcripts of the
ure 1A). Interestingly, the three homologs of MIR163expected size (20–31 nt) for 11 of the 23 tested se-
were all located in exons of potential protein-codingquences. Interestingly, the 11 miRNAs appeared to be-
genes (Table 1 and data not shown).long to 2 groups. For seven miRNAs, which we named
group I (Table 1), we were able to detect a single 21–24-
nt transcript by RNA filter hybridization (Figures 2 and Group I miRNAs
All group I miRNAs were only detectable as the mature3; data not shown). For the other four miRNAs, which
we named group II (Table 1), we were able to detect transcripts under all experimental conditions (Figures 2
and 3; data not shown). The seven group I miRNAslonger 65–100-nt transcripts as well as small microRNA-
sized transcripts (Figures 2 and 3; data not shown). In were not uniformly expressed throughout the plant but
instead showed preferential accumulation in some or-fact, all four group II miRNAs, or their putative precur-
sors, exhibited sequence similarity to known noncoding gans (Figure 2, Table 2). For example, MIR172 was not
expressed detectably in roots, and MIR167 miRNA wasRNAs from other plant species (Table 1) and were not
eliminated from our first screen because the corre- most abundant in inflorescences (Figure 2). We also
studied the temporal patterns of miRNA accumulationsponding Arabidopsis genes were not annotated as non-
coding RNAs. during development for five of the group I MIR genes
(Table 2). All five showed an increase in RNA accumula-Among the 11 miRNAs confirmed by expression stud-
ies, 3 were identified by Reinhart et al. [37] in an indepen- tion at specific developmental time points (Figure 2,
Table 2).dent study, in which the genes were designated MIR159,
MIR163, and MIR167. To be consistent with the existing Since Dicer is required for the generation of miRNAs
from their precursors in C. elegans, we tested whethernomenclature, we named the eight new MIR genes
MIR172–MIR179, so that the numbers were consecutive CAF, the Arabidopsis homolog of Dicer, has a similar
function in miRNA metabolism in Arabidopsis. In fact,with those in the report by Reinhart et al. [37]. The isola-
tion of many small RNAs from Arabidopsis has also CAF is indeed required for the accumulation of miRNAs
in Arabidopsis, since the accumulation of the five testedrecently been reported by Llave et al. [38].
The fold-back structures of the putative miRNA pre- group I miRNAs was either nondetectable or greatly
reduced in caf-1 plants as compared to wild-type (Figurecursors were largely similar to those in metazoans (Fig-
HEN1 and CAF in miRNA Metabolism in Arabidopsis
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Table 1. Sequences and Genomic Locations of miRNA Genes
Expression in Maize and
miRNA Genes Sequence Length Chromosome Locationa Homologsb Tobacco/Other Remarksc
Group I
MIR159 TTTGGATTGAAGGGAGCT 159a: 1; F25P22 159b: 1–20; 1; T10F20 18/21 nt complementary to
CTA-21 (41198–41178) (26891-26910) myb-related transcription
159c: 1–19; 2; T3F17 factors At5g55020,
(28742–28724) At2g26950, At3g11440, and
At5g06100
Tobacco flower, maize
Rice (20/21)
MIR163 TTGAAGAGGACTTGGAAC 163a: 1; F4N21 (72531–72508) 163b-1: 1–24 (no 20th T); 1; 21/24 nt complementary to
TTCGAT-24 F4N21 (82583–82561) unknown proteins
163b-2: 1–24 (no 20th T); 1; At1g66700 and At1g66690
F4N21 (868488–86466
163c: 1–24 (T12C,
no 20th T); 1; F4N21
(75264–75286)
MIR167 TGAAGCTGCCAGCATGAT 167a-1: 3; F5N5 167b: 1–20; 1; F28K20 17–18/21 nt complementary
CTA-21 (20031–20051) (48695–48714) to auxin-responsive
167a-2: 3; F16M2 factor8 (ARF8) and ARF6
(73860–73880) Tobacco flower, maize
Rice (21/21)
MIR172 AGAATCTTGATGATGCTG 172a-1: 2; F24D13 172b: 1–20; 3; F24K9 18–20/21 nt complementary
CAT-21 (18082–18102) (42346–42327) to APETALA2 (AP2) and
172a-2: 5; T19N18 172c: 2–21; 5; F20I5 AP2-like genes At5g60120,
(91778–91758) (52036–52055) At5g67180, and
At2g28550
Tobacco flower
Rice (20/21)
MIR173d aTTCGCTTGCAGAGAGAAAT 3; MXC7 (76775–76796) 17/22 nt complementary to
CAC-22/23 unknown protein
At3g28460
MIR174 TTGAAAGCTGAGGTGGAG 4; T27D20 (72299–72322) 15/24 nt complementary to
GGTGTT-24 putative disease
resistance gene At2g17050
MIR175 TTCTAAGTCCAACATAGCG 175a-1: 1; F2J10 175b: 1–21 (G19A); 1; 17–18/21 nt complementary
TA-21 (26516–26536) F2J10 (26495–26515) to hypothetical proteins
175a-2: 2; F12K2 (4441–4461) 175c: 3–20; 2; F12K2 At5g18040, At3g43200,
175a-3: 2; F17A14 (4359–4376) and At1g51670
(11326–13306) 175d: 4–20; 2; F12K2
(4402–4418)
Group II
MIR176 TGTCGTCCAGCGGTTAGG 176a-1: 1; F7G19 (3766–3740) 176b: 1–27 (C23T); 1; 6 nt ahead of MIR177
ATATCTGGC-27 176a-2: 1; T20H2 F25P22 Present in the same stem-
(16588–16614) (16112–16138) loop structure with
176a-3: 3; T3A5 176c: 1–27 (G2A); 3; MIR177
(37876–37902) T20E23 Rice (27/27)
176a-4: 4; AP22 (34829–34805)
(66811–66837)
176a-5: 5; T1G16
(35722–35696)
176a-6: 5; MRA19
(47092–47066)
176a-7: 5; MSN2
(58741–58715)
MIR177d CCAGGAGACCCGGGTTCG 177a-1: 1; F7G19 (3733–3707) 177b: 1–26 (C23T, C24T); 6 nt behind MIR176
aTTCCCGGC-27 177a-2: 1; T20H2 1; F25P22 Present in the same stem-
(16621–16647) (16145–16166) loop structure with
177a-3: 3; T3A5 177c: 1–26; 3; T20E23 MIR176
(37909–37935) (34798–34773) Rice (27/27)
177a-4: 4; AP22 22/27(6–27), Triticum
(66844–66870) aestivum tRNA-Gly
177a-5: 5; T1G16 21/27 nt complementary to
(35689–35663) hypothetical protein
177a-6: 5; MRA19 At1g29200
(47059–47033)
177a-7: 5; MSN2
(58708–58682)
continued
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Table 1. Continued
Expression in Maize and
miRNA Genes Sequence Length Chromosome Locationa Homologsb Tobacco/Other Remarksc
MIR178 AGCGGGGTAGAGGAATT 2; T5E7 (61199–61180) 1–20, Brassica oleracea
GGT-20 tRNA-Met, mt genome
Rice (20/20)
MIR179d CAGAGGGGGTTTGCGTTCG 179a-1: 1; F12F1 1–31 (T10C, T11C), tomato
CGCAGCCCCTACt-31/32 (107356–107386) U1 snRNA
179a-2: 4; F16G20 Rice (29/31)
(37795–37825)
179a-3: 5; F18A17
(5745–5715)
179a-4: 5; T1G16
(53959–52989)
179a-5: 5; MI024 (795–825)
a Genomic locations of single-copy MIR genes are presented as “chromosome number; BAC clone name (location within BAC)”. When multiple
copies that are identical in sequence to the originally isolated miRNAs are present, those whose precursors can form stem-loop structures
are also included in the table and are distinguished from the original miRNAs by the numbers after the hyphens. In cases of multiple identical
miRNA sequences, the genomic locations are presented as “miRNA gene number: chromosome number; BAC name (location within BAC)”.
b Sequences that differ by no more than four nucleotides from the originally isolated miRNAs are distinguished from the original miRNAs and
from each other by letters following the same gene symbols. In this column, information on the homologs is presented as “homolog gene
name: degree of homology; chromosome number; BAC name (location within BAC)”. The degree of homology is indicated by region of
homology (two numbers that represent nucleotide positions) and, if applicable, the position and identity of a nucleotide that differs from that
in the original miRNA (in parentheses).
cComplementarity to protein-coding genes from Arabidopsis is listed, with the number of nucleotides (as compared to the total number of
nucleotides) that can base pair with target mRNAs also shown. Similarity to rice sequences [49] is also presented. However, no expression
data were available for rice.
dThe lowercase letters “a” in MIR173 and “t” in MIR179 were present in the cloned sequences but were absent from the genomic sequences.
The lowercase letter “a” was found in the genomic sequence of MIR177, but a “T” was present at this position in the cloned sequence. These
mismatches to the Columbia genome may be due to either nucleotide polymorphisms between Ler and Columbia or mistakes generated in
the PCR-based miRNA cloning procedures.
3, Table 2). Therefore, the mechanism of miRNA produc- a higher level in animals in which Dicer activity was
abolished or reduced by mutations or by RNAi [22]. Thistion may be conserved between plants and animals.
Despite the absence or greatly reduced abundance of suggests that certain steps or trans-acting functions in
miRNA metabolism differ between Arabidopsis and C.the mature miRNAs, accumulation of miRNA precursors
was never detected in caf-1 (data not shown). In C. elegans.
The similar phenotypes exhibited by hen1-1 and caf-1elegans, however, miRNA precursors accumulated to
Figure 2. Spatial and Temporal Patterns of
miRNA Accumulation as Revealed by RNA-
Filter Hybridization with Antisense Oligonu-
cleotide Probes Complementary to MIR Se-
quences
MIR163 and MIR167 showed distinct tempo-
ral patterns of expression during develop-
ment (RNAs from aerial portions of plants
were used). The numbers of days were calcu-
lated from the time stratified seeds were
transferred to growth chambers. MIR172,
MIR173, MIR167, and MIR178 were ex-
pressed preferentially in some organs. The
MIR172 transcript was present in inflores-
cences, leaves, and stems at similar levels
but was barely detectable in siliques and was
not detectable in roots. The MIR173 tran-
script was present in inflorescences and
leaves but was barely detectable in roots. The
MIR167 transcript was most abundant in in-
florescences. The mature MIR178 transcript
(20 nt) was only present in inflorescences,
although the probe also detected two bands
at 80–100 nt in all three tissues. In, inflores-
cences; L, leaves; R, roots; St, stems; and Si,
siliques. The sense probe for MIR173 did not
detect any signals. 5S rRNA was used as an
internal control.
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Figure 3. Requirement for CAF and HEN1 in
miRNA Accumulation
The accumulation of mature transcripts cor-
responding to MIR173, 163, 167, 159, 177,
and 176 was undetectable in hen1-1 and
caf-1 or was greatly reduced compared to
wild-type. Note that MIR177 and MIR176 anti-
sense probes detected an approximately 70-
nt signal in all genotypes but detected a 27-
nt signal only in wild-type. Lower exposures
of the precursor-sized transcripts are shown
on the right. The MIR178 panel is meant to
show that the two transcripts of intermediate
size (arrowheads) are not present in either
hen1-1 or caf-1. The mature 20-nt transcript
was not visible at this exposure. However, it
was visibly present in wild-type but was ab-
sent from hen1-1 or caf-1 upon longer expo-
sure. RNAs from the entire aerial portions of
1 month-old plants were used for the MIR173,
163, 167, and 159 hybridization, whereas
RNAs from inflorescences were used for the
MIR177, MIR176, and MIR178 hybridization.
MW, molecular weight standards. Vertical
arrows in MIR167 and MIR159 panels indicate
signals from maize seedlings.
mutants prompted us to test whether HEN1 acts simi- The accumulation of the small transcripts from the
group II miRNA genes appeared to be under spatiallarly to CAF in miRNA metabolism. The accumulation of
all seven group I miRNAs was nondetectable or greatly control such that mature miRNAs were present at differ-
ent levels in different organs or at different develop-reduced in abundance in hen1-1 plants as compared to
wild-type (Figure 3; Table 2). As in caf-1, precursors of mental time points (Figure 2, Table 2), although the pre-
cursor-sized transcripts were present at similar levelsgroup I miRNAs were also not detected in hen1-1 (data
not shown). in all organs or at all time points tested (Figure 2, data
not shown). For example, the 20-nt MIR178 signal was
only present in inflorescences, whereas the larger 80–Group II miRNAs
In previous attempts to isolate miRNAs from metazoans, 100-nt transcripts were present in roots, leaves, and
inflorescences at similar levels (Figure 2). Furthermore,sequences corresponding to rRNAs, tRNAs, etc. often
constituted a significant proportion of cloned se- the small transcripts from all four group II miRNA genes
did not accumulate in caf-1 or hen1-1 plants or accumu-quences but were not analyzed further, presumably
based on the assumption that these represented degra- lated at lower levels in caf-1 or hen1-1 plants than in
wild-type plants (Figure 3, Table 2). These data arguedation products from abundant noncoding RNAs [17,
18]. We found that four of our cloned sequences related against the assumption that the small transcripts were
random degradation products from noncoding RNAs.to known noncoding RNAs in our study likely corre-
sponded to bona fide miRNAs. We were able to detect The larger precursor-sized transcripts for all four group
II genes were present in hen1-1, caf-1, and wild-typesmall RNA transcripts of the expected size for MIR176,
177, 178, and 179 genes (Figures 2 and 3; data not plants at similar levels (Figure 3 and data not shown).
These precursor-sized transcripts may be the true pre-shown). In contrast to group I miRNAs, larger precursor-
sized transcripts were also detected for all four group cursors of the miRNAs. Alternatively, they could be de-
rived from other noncoding RNA genes with sequenceII miRNAs (Figures 2 and 3; data not shown). In some
cases, sense probes and antisense flanking sequence similarity to the MIR genes. Although group II miRNA
transcripts were clearly found, we cannot, without func-probes were used to demonstrate the identities of the
small transcripts (Table 2). For example, an antisense tional studies, rule out the possibility that these tran-
scripts are merely products of noncoding RNA pro-oligonucleotide probe for MIR178 detected both a 20-
nt signal and two precursor-sized (80–100-nt) signals cessing and that they themselves do not serve any
functions in the organism.in wild-type plants (Figure 2). A sense oligonucleotide
probe failed to detect the 20-nt or the 80–100-nt signals. MIR176 and MIR177 were particularly interesting in
that the two mature miRNA sequences were found onlyAn antisense oligonucleotide probe complementary in
sequence to the 5 flanking region of MIR178 was able 6 nt apart in presumably the same precursor sequence
(Figure 1A). This and the nearly identical spatial patternsto detect the 80–100-nt signals, but not the 20-nt signal,
confirming the identity of the 20-nt signal (Table 2). of accumulation of the two miRNAs (Table 2) suggest
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that they are processed from the same precursor. Con- ever, it is tempting to hypothesize that HEN1 homologs
in metazoans and perhaps in Schizosaccharomycessistent with this assumption, homologs of MIR176 and
MIR177 found throughout the genome are always ar- pombe also act in miRNA metabolism. Although it is
not known if Schizosaccharomyces pombe is able toranged in pairs and are 6 bp apart (Table 1).
perform RNAi or generate miRNAs, it has a Dicer homo-
log in its genome [8].Complementarity to mRNAs
The absence of many miRNAs and the presence of a
wide array of developmental defects in hen1-1 and caf-1 Discussion
mutants indicate that miRNAs serve regulatory roles in
plant development. miRNAs are thought to regulate the miRNAs Are Evolutionarily Ancient
expression of protein-coding genes at the posttran- Our studies and those by Reinhart et al. [37] clearly
scriptional level by base pairing with mRNAs of the tar- demonstrated the existence of microRNAs in Arabi-
get genes. We found that 8 of the 11 miRNAs were dopsis and probably in tobacco, maize, and rice. Alto-
complementary in at least 15 nucleotides to sequences gether, 24 distinct Arabidopsis miRNAs were identified
in known or putative protein-coding genes (Figure 1B, from the two studies. The fact that only three common
Table 1). Some of these potential targets are transcrip- miRNA genes were identified from the two independent
tion factors (Table 1). studies and that most miRNA sequences in our study
were only isolated once suggests that the search for
miRNAs in plants is far from complete. In fact, the isola-Similarity or Complementarity to Potential
tion of more than 100 small RNAs has recently beenPromoter Sequences
reported by Llave et al. [38]. In addition, we also demon-Both HEN1 and CAF have putative nuclear localization
strated that group II miRNAs that are related in sequencesignals [30, 32], suggesting that aspects of miRNA me-
to other noncoding RNAs, such as rRNAs, tRNAs, ortabolism happen in the nucleus. We wondered whether
snRNAs, are present in Arabidopsis. Given that the greatmiRNAs may be present in the nucleus and regulate
majority of clones from miRNA isolation correspond togene expression at the DNA level. We determined
known noncoding RNAs in both Arabidopsis and meta-whether the miRNAs were similar or complementary in
zoans, it is possible that group II miRNAs are also pres-at least 15 nucleotides to potential promoter sequences,
ent in metazoans and that their prevalence is greaterwhich we arbitrarily set to be sequences 0.1–1 kb up-
than is currently appreciated.stream of the start codon. Indeed, microRNAs 163, 172,
As in animals, the putative plant miRNA precursors173, 175, 176, 177, and 179 were similar to promoter
are also able to form stable stem-loop structures. Fur-sequences in either the sense or antisense orientation
thermore, CAF, the Arabidopsis homolog of Dicer, is(see Table S1 in the Supplementary Material available
required for the accumulation of miRNAs in Arabidopsis.with this article online).
Therefore, it appears that miRNAs, their synthesis, and
presumably their functions existed before the diver-miRNAs in Other Plant Species
gence of the plant and animal kingdoms. HEN1, a novelmiRNAs do not appear to be unique to Arabidopsis in the
protein, is a new player in miRNA metabolism in Arabi-plant kingdom. We were able to detect 21-nt transcripts
dopsis. Since HEN1 homologs are found in bacterial asfrom tobacco with probes complementary to MIR159,
well as fungal, plant, and metazoan genomes, it is evenMIR167, and MIR172 (Table 1) and maize with probes
possible that miRNAs were part of an ancient, RNA-complementary to MIR159 and MIR167 (Figure 3, Table
based gene regulatory network that existed in bacteria.1), and this suggests that homologs of these genes are
present in tobacco and maize. In addition, the rice genome
HEN1 in miRNA Metabolismhas sequences that are identical to, or only one nucleotide
Studies in metazoan species have revealed a role ofdifferent from, seven of the MIR genes (Table 1).
only Dicer and PPD proteins, such as ALG-1, ALG-2,
and eIF2C2, in miRNA synthesis or action. We haveHEN1 Homologs in Other Species
demonstrated that HEN1, a novel protein without se-Given the universal presence of miRNAs and the poten-
quence motifs of potential functions, is required fortially conserved mechanism in the generation of miRNAs
miRNA accumulation in Arabidopsis. HEN1 may act inin plants and animals, we wondered whether HEN1 may
the synthesis or stabilization of the miRNA precursors,be part of an miRNA metabolic pathway common among
or in the processing or the stabilization of the miRNAs.plants and animals. HEN1 codes for a novel protein of
Given that HEN1 homologs are present in metazoans,942 amino acids without motifs of known function [32].
it is possible that the action of HEN1 in miRNA metabo-A stretch of approximately 230 amino acids at the C
lism is conserved in plants and animals. Alternatively,terminus of the protein shows 40%–50% similarity to
HEN1 may be required for miRNA metabolism only inprotein sequences predicted from cDNAs or from ge-
plants. One hypothesis is that the more relaxed second-nome annotation of a number of metazoan, fungal, and
ary structures of the plant miRNA precursors requirebacterial species (Figure 4). Interestingly, the two hen1
additional proteins to facilitate their processing.mutants, hen1-1 and hen1-2, both contain mutations
in this region of the protein [32], and these mutations
suggest the functional significance of this domain. The Potential Functions of miRNAs in Plants
Like animal miRNAs, some miRNAs in Arabidopsis accu-HEN1 homologs in these other species are considerably
shorter than HEN1 and are all of unknown function. How- mulate in a temporally or spatially restricted manner,
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Figure 4. Potential HEN1 Homologs
(A) A Clustal W alignment of a conserved domain shared among HEN1 homologs (predicted proteins from cDNAs or from genome annotation)
from a few species. The overall amino acid similarity within this domain among these proteins is 40%–50%. Positions at which at least five
amino acids are identical are shown in a darker gray color, whereas positions at which at least five amino acids are similar are shown in a
lighter gray color. Hs, Homo sapiens; Mm, Mus musculus; Dm, Drosophila melanogaster; Ce, Caenorhabditis elegans; Sp, Schizosaccharomyces
pombe; and Sc, Streptomyces coelicolor. Nostoc, Nostoc sp. PCC 7120, a cyanobacterium. GenBank accession numbers of the proteins are
shown after the species abbreviation.
(B) Diagrams of HEN1 and potential HEN1 homologs, showing the positions of the conserved domain (hatched boxes) in these proteins.
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miRNA Cloningsuggesting that they play regulatory roles in develop-
The aerial portions of 9-day and 21-day Arabidopsis plants werement. This is consistent with the developmental defects
used for miRNA isolation. Approximately 500 g total RNA wasexhibited by the caf-1 and hen1-1 mutants. In addition,
extracted from liquid nitrogen-frozen plant tissues by using Tri Re-
mutations in two Arabidopsis PPD family members, agent (Molecular Research Center) according to the manufacturer’s
ARGONAUTE1 and PINHEAD/ZWILLE, result in multi- instructions. Small RNAs between approximately 18 and 28 nt were
recovered from polyacrylamide gel fractionation, ligated to adap-faceted developmental defects [39–41]. ARGONAUTE1
tors, and amplified by RT-PCR according to the procedures de-and PINHEAD/ZWILLE are more closely related to hu-
scribed by Elbashir et al. [34]. Subsequently, the amplified se-man eIF2C2, a component of a miRNP [21], than many
quences were concatamerized and cloned, also according to themetazoan PPD proteins [42]. Therefore, it is likely that
procedures described by Elbashir et al. [34]. A total of 127 clones
the developmental abnormalities in argonaute1 and pin- were sequenced with the BigDye terminator cycle sequencing kit
head/zwille mutants are caused by defects in miRNA (PE applied Biosystems) and were analyzed on an ABI3700 capillary
DNA sequencer, and this resulted in 292 potential miRNA se-metabolism. While argonaute1 mutants displaying either
quences, among which 230 were unique. After eliminating 176 se-severe or weak developmental abnormalities are both
quences that corresponded to known Arabidopsis noncoding RNAsdefective in PTGS [12, 43], zwille-3, which displays
and 15 that had 2-nt or more mismatches with the Arabidopsisstrong developmental defects, is capable of PTGS of a
genome, the remaining 39 sequences were further analyzed to deter-
35S-GUS transgene [43]. PPD proteins may play differ- mine if the putative precursors were able to form stem-loop struc-
ential roles in siRNA and miRNA metabolism. tures. Secondary structures were predicted with m-fold (http://
www.bioinfo.math.rpi.edu/mfold/rna/form1.cgi) by using longerThe only two miRNAs of known function, lin-4 and let-7,
genomic sequences containing 60–110 nt on both ends of the clonedregulate developmental timing in C. elegans by base
sequences, or 60–110 nt on one end and 10-30 nt on the other.pairing with target mRNAs and inhibiting the translation
Then, the putative precursors were reduced to 60–110 nt in sizeof the mRNAs. Although the functions of plant miRNAs
and were used to predict the secondary structures again with m-
remain to be deciphered, many are potentially able to fold.
base pair with protein-coding RNAs. Some may also
play a negative role in the regulation of gene expression. RNA Filter Hybridization
RNA preparations enriched for small-sized RNAs were obtainedFor example, 20 of the 21 nucleotides in MIR172 are
according to a protocol from Drs. Natalie Doetsch and Richardcomplementary to a stretch of sequence in the RNA of
Jorgensen (University of Arizona, Tucson, AZ). Briefly, 400 l (1–2the floral homeotic gene APETALA2 (AP2) (Figure 1B,
mg) total RNA was combined with 50 l each of 50% PEG8000 and
Table 1; [44, 45]). If MIR172 negatively regulates the 5 M NaCl, incubated on ice for 2 hr, and centrifuged at 15,000  g
expression of AP2, the decreased accumulation of for 10 min. After adding 1/10 volume of 3 M sodium acetate and 2
miRNA172 in hen1-1 (Table 2) would cause increased volumes of 95% ethanol to the supernatant, small-sized RNA was
spun down at 15,000  g following incubation at –20C for 2 hr,AP2 expression in hen1-1. This may be the molecular
washed with 75% ethanol, dried briefly, and resuspended in RNase-basis of the floral homeotic phenotypes exhibited by
free water.the hua1-1 hua2-1 hen1-1 mutants. In fact, this would
For RNA filter hybridization, 50 g total RNA or 15 g small-be consistent with our previous genetic studies showing sized RNA enriched as above was separated on a denaturing 15%
that ap2-2, a severe mutation in AP2 [44], was able polyacryamide gel (15  15 cm) containing 8 M urea at 100V for
to partially rescue the floral homeotic defects of the 10 hr. RNA was electrophoretically transferred to Zeta-probe GT
membranes (BioRad) by using a Trans-Blot Electrophoretic Transferhua1-1 hua2-1 hen1-1 mutant [32].
Cell (BioRad). An end-labeled 10-nt RNA ladder (Ambion) was alsoAlthough lin-4 and let-7 regulate protein-coding genes
electrophoreased in the same gel, and the gel strip containing theat the level of translation, miRNAs may also act at other
size marker was excised before transfer and was exposed to filmlevels to regulate gene expression. Considering the
directly for size comparison with expression data.
structural resemblance of the siRNA and miRNA path- After electroblotting, RNAs were fixed to the membrane by UV
ways, it is possible that some miRNAs regulate the sta- crosslinking and by baking in a vacuum oven at 80C for 1 hr.
bility of target mRNAs. In plants, siRNAs not only trigger Membranes were hybridized with 32P-end-labeled oligonucleotide
probes at 40C with Ultrahyb-oligo hybridization buffer (Ambion)RNA degradation, presumably in the cytoplasm, but they
and were washed twice at 40C with 2 SSC/0.5% SDS. 5S rRNAalso direct DNA methylation in the nucleus in both post-
hybridization was carried out at 42C in 7% SDS/0.25 M sodiumtranscriptional and transcriptional gene silencing [46–
phosphate with an oligonucleotide (5-GAGGGATGCAACACGAG
48]. Given that both HEN1 and CAF have putative nuclear GACTT-3) that is complementary to Arabidopsis 5S rRNA as the
localization signals and that some miRNAs are similar probe.
or complementary to potential promoter sequences, one
cannot rule out the possible role of miRNAs in the regula- Supplementary Material
Supplementary Material on the similarity or complementarity oftion of gene expression at the DNA level, such as DNA
miRNA sequences to potential promoter sequences and on the mod-methylation or transcription.
ified secondary structures of some of the miRNA precursors is avail-
able at http://images.cellpress.com/supmat/supmatin.htm.Experimental Procedures
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Note Added in Proof
Upon suggestions by Dr. David Bartel, we reanalyzed by m-fold
prediction the secondary structures of the putative precursors for
all miRNAs by including more flanking genomic sequences. We
found that miRNAs 159, 163, and 167, but not other miRNAs, were
present in better duplexed regions (see Figure S1 in the Supplemen-
tary Material). Therefore, the precursors of some plant miRNAs may
be larger than metazoan miRNA precursors.
